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space' rather than axonal transport (S.B. and A.A., unpublished 
results). 

It has been argued that scrapie pathology is due to intrinsic 
neurotoxicity of PrP^ rather than to depletion of PrP c because 
Pm-p™ mice are normal in their development and behaviour 510 , 
deposition of PrP-immunoreactive material colocalizes with typi- 
cal histopathology 11 , and synthetic amyloidogenic PrP fragments 
as well as liposome -packaged PrP :7 " w (the protease-resistant core 
protein of PrP 50 ) are neurotoxic in viiro lZml} . However, even in 
regions adjoining the graft, which contained high levels of PrP 5 * 
and was clearly leaking such material, no scrapie pathology was 
observed in PrP c -deficieni tissue. Perhaps PrP^ is inherently non- 
toxic and PrP & plaques found in spongiform encephalopathies are 
an epiphenomenon rather than a cause of neuronal damage. 
Indeed, the extent of PrP deposition in the brains of humans 
succumbing to prion diseases with similar clinical presentation is 
extremely variable 1415 . Alternatively, PrP 5 " is only toxic when it 
is formed and accumulated within the cell, but not when it is 
presented from outside. Finally, it may be that PrP*" is pathogenic 
when presented from outside, but only to cells expressing PrP c , 
either because ir initiates' conversion "of PfP G to PrP^Tf the" cell ~ 
surface and/or because it is internalized by way of association with 
PrP c , which is endocytosed efficiently 16 . Considered together with 
previous yansgenic studies 17 - 18 that show delayed onset of disease 
in Prn-p 0 ** mice despite massive accumulation of PrP*, and with 
reports of typical scrapie histopathology in fatal familial insomnia- 
inoculated mouse brains in which PrP* cannot be detected 19 , our 



data imply that it is not deposition of PrP 5 * but rather the 
availability of PrP c for some intracellular process elicited by the 
infectious agent that is directly linked to spongiosis, gliosis and 
neuronal death. □ 
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Following induction of experimental encephalomyelitis with a T- 
cell clone, L10C1, that is specific for the myelin basic protein 
epitope p87-99, the inflammatory infiltrate in the central 
nervous system contains a diverse collection of T cells with 
heterogeneous receptors. We show here that when clone LI0C1 
is tolerized in vivo with an analogue of p87-99, established 
paralysis is reversed, inflammatory infiltrates regress, and the 
heterogeneous T-eell infiltrate disappears from the brain, with 
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only the T-cell clones that incited disease remaining in the 
original lesions. We found that antibody raised against inter- 
leu kin -4 reversed the tolerance induced by the altered peptide 
ligand. Treatment with this altered peptide ligand selectively 
silences pathogenic T cells and actively signals for the efflux of 
other T cells recruited to the site of disease as a result of the 
production of interIeukin-4 and the reduction of tumour-necrosis 
factor-a in the lesion. 

The T-cell clone L10C1 recognizes the myelin bask: protein (MBP) 
epitope p87-99 and causes severe experimental encephalomyelitis 
(EAE) (Table 1). The third complementary-determining regions 
(CDR3) in the T-cell antigen receptor (TCR) or and ^-chains of 
L10C1 are V/to-PRGVGNQ and Val-SDTG, respectively. These 
sequences are homologous to VDJ/J or VNJa sequences in human 
or rat T-cell clones specific for MBP p87-99, and with VO)p and 
VNJa sequences found in multiple sclerosis (MS) lesions 1 " 7 . We 
tolerized mice paralysed with EAE by targeting the T-cell clones 
that initiated disease; we then investigated the dynamics of the 
inflammatory infiltrates within the central nervous system 
(CNS). 

(PLyjxSJLVJ)Fj mice received L10C1 and were treated with 
altered peptide ligand (APL) directly after transfer or after 
paralysis was established. Administration of the APL p87-99 
(96P — A), in which a phenylalanine at residue 96 was replaced 
by alanine, prevented EAE or reversed paralysis (Table 1). This 
peptide binds poorly to 1-A* (Table 1) and induces a lower 
proliferative response in L10C1 than p87-99 (data not shown). 
In contrast, soluble non-stimulatory peptide analogues of p87-99, 
lacking residues critical for binding to the TCR or major histo- 
compatibility complex (MHC), for example p87-99 (91 K — A), 
p87-99 (92N - A), or p87-99 (931 - A), had no effect on 
disease (Table 1). The peptide p87-99 (90F — A) increased 
MHC binding relative to p87-99 and altered T-cell signalling 
(Table 1 ). A T-cell line reactive to p87-99 (90F — A) abrogated 
EAE induced with spinal cord homogenate (data not shown). 

The mechanism causing tolerance was analysed. p87-99 
(96P - A) is a partial agonist for L10C1 (Table i). The thera- 
peutic APL had no influence on the in vitro proliferation of L10C1 
by p87-99 (data not shown), so MHC competition* or TCR 
antagonism* arc unlikely to explain its action. 
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TABLE 1 Stimulation of MBP p87-99-specific T-cetl done L10C1 by peptides with single ammo-acid suostitutions 



Peptide 

87-99 
87-99 
87-9S 

87- 99 

88- 99 
87-99 
87-99 
87-99 
87-99 
87-99 
87-99 
87-99 
87-99 
87-99 



87 A 

88 A 

89 A 

90 A 

91 A 

92 A 

93 A 

94 A 

95 A 
1 96 A 

97 A 

98 A 

99 A 



V H F F 
A H FF 

V AFF 

V H AF 
VH FA 
VH FF 
VH FF 
VH FF 
VH FF 
VH FF 
VH FF 
VH FF 
VH FF 
VH FF 



Substitution 

KN I VTPRTP 
KN I VTPRTP 
KN I VTPRTP 
KNIVTPR7P 
KNIVTPRTP 
ANI VTPRTP 
KA1VTPRTP 
KNAVTPRTP 
KNI ATPRTP 
KN I VAP RTP 
KNI VTARTP 
KNI VTPATP 
K N I VTP RAP 
KNIVTPRTA 



Relative affinity for l-A* 



Proliferation of UOCl 



Treatment of EAE 



NO 
ND 
NO 



ND 
ND 



ND 
ND 
ND 



ND 
ND 
ND 



Human MBP pepbce p8 7 -99 and a senes of smgte aianme-suosmutec analogues were synthestzeo as descnbed 19 . The relative affinity of peptides was determined using the I- 
A^-expressingB-cell lympnoma line LS102.9. The line was mamtainec .n IMDM medium (Gibco) supplemented with 5% FCS (Flow Lab), 2 mM i-glutamme (Gibco), 5 x 10" M 2- 
mercaptoetnanol lOOUmf 1 penicillin and 100 ^g mr 1 streptomycin [IMDM- 5). Cells were collected while subconftuent and distributed a; 2 * 10 ! cells per well of a 96-well 
microutre plate. Cells were resuspenaed in IMDM -5 containing a top concentration of the biotinylated peptide. Bio87-99. of 100 viM. Alanine-substituted analogues of p87 - 99 
were aadeti to 300 »M ana cells were incubated at 37 £ C for 75 min. Unbiotinylated p87-99 was used as a positive control for competition binding studies; the I -A" -restricted 
oepuce Acl-9 (4K— Y) was used as a negative control. LSI 02. 9 cells were then washed three times m PBS supplemented with 1% FCS and 2 mM NaN 3 (washing solution) before 
being incuPated on ice m ExtrAvidm- F1TC (Sigma) for 30 min. Cells were washed thoroughly before being fixed in 1% formawenyde (SDH). Three thousand events from each sample 
were analysed on a Becton Dickinson FACSort using Lysis ll software ano mean channel fluorescence ^ 
Ibiiovw 7 "- no binding- V binding with an affinity intermediate between Acl-9 (4K-Y) and p87-99; rr, bmaing equivalent to p87-99; + -r . binding with an aflmity greater 
than p87-99 T-cell proliferation was assayed as described* and the transfer of EAE by T-ceil clone UOCl and treatment with soluble peptide analogues are described in Fig. 1 
legend T-cell responses were graded as: proliferation at 40 M M peptide; proliferation at 4 uM peptide; + proliferation at 1 jiM peptide. Treatment of EAE; -r refers to 
the ability to prevent or reverse ongoing EAE (see legends to Figs 1 and 2) by injection of the APL or native p87-99 .ntrapentonealfy. NO. not determined. 



In EAE, inflammatory infiltrates are heterogeneous 10 , with a 
diverse arrav of TCR ^-region genes being seen seven days after 
the transfer'of L10C1 (Table 2a). When treated with APL after 
onset of paralysis, the diversity of the TCR transcripts in infiltrates 
was reduced in the spinal cord, whereas the different TCR 
transcripts disappeared within 48 h in the brain (Table 2a). 
Furthermore, tumour-necrosis factor (TNF)-z transcripts, which 
are associated with pathogenicity of T-cell clones 1 u2 , cannot be 
detected in brain after treatment with APL (Table 2*). When 
scoring inflammatory infiltrates, there were significant differences 
between mice treated with p87-99 (96P — » A) compared -to 
controls (data not shown). 

Direct sequencing of Vfi6 transcripts from brains of diseased 



a 3.0 




Time post-transler (days) 



FIG. 1 Reversal of adoptively transferred EAE with MBP analogue p87- 
99(96P — * A), a, Soluble MBP analogue p87-99 (96P — A) has no effect 
on EAE mediated by MBP Acl-ll-specific T-cell line L9. Ten animals per 
group were treated with PBS alone (squares) or with 0.5 mg soluble p87- 
99(96P — A) (tnangies) in 0.5 ml PBS. b. Soluble MBP analogue p87- 
99(96P — A) reduces severity of EAE mediated ny the Acl- 11 -specific 
T-cell line L9 when T-cell clone LlOCl is transferred as well. Ten animals 
per group were treated with PBS alone (sauares). with 0.5 mg soiubie 
p87-99(91K — A) (diamonds) m 0.5 ml PBS. or 0.5mg soluble p87- 
99 ( 96P A) unangies) in 0.5 ml PBS It. time of i.p. injection of peptides). 
METHODS. EAE was induced by transferring 3 * 10 6 Tcelisof the MBP Ac 1- 



animals after reversal of EAE demonstrated that the TCR VDJ/f 
sequence, V/?6PRGVGNQ, of residual cells in the lesions was 
identical to that of the clone initially transferred into the mice. 
Thus, the disease mediated by the T-cell clone can still be 
positively identified in situ after treatment with APL, whereas 
other inflammatory T cells had disappeared. Because it was 
possible directly to sequence PCR products from the 

EAE lesion, there must have been little or no diversity in V06 
TCR transcripts following APL treatment. The presence of the 
encephalitogenic clone in the lesion of animals successfully 
treated with the APL is insufficient to maintain clinical disease. 
These residual T cells have been silenced. The presence of- full- 
length V06-D-J-C0 sequences indicates that apoptdsis has not 



b 3.0 




Time posl-transfer (d*y») 



11 specific T-cell line L9 (ref. 20). On day 6 after transfer, groups of mice 
shown in o were injected with 5 x 10 6 T cells of T-cell clone LlOCl. Eleven 
days after the first transfer to induce EAE, mice were injected i.p. with 
0.5 mg in 0.5 ml PBS of MBP peptide analogues p87-99<96P - A), p87- 
99(91 K - A) or PBS alone, as indicated. Mice were scored daily according 
to the following scale: 0, no clinical disease; 1, tail weakness; 2. mono- or 
paraparesis (incomplete paralysis of one or two hmdlimbs); 3, mono- or 
paraplegia (complete paralysis of one or two hindlimbs): 4, paraplegia wtth 
forelimb weakness or paralysis: 5. moribund or dead animals. Data are 
given as mean disease scores -t-s.e. 
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TABLE 2 ICR V and TNF-a gene expression in uie CNS of (PL'JiSJUJ) F. mtcc after treatment wrth p-^7-99 peptide analogues 



Treatment/sample 


1 


2 


3 4 


5 6 


7 8 


9 


TCR V, 
10 11 


12 


13 


14 


15 


16 


17 


18 19 


Spinal cord 1 
Spinal cord 2 


+ 


-t- 
+ 


+ 


+ 
+ 




+ 


+ 


+ 


+ 






+ 


+ 




Control peptides 
Spinal cord 3 
Spinal cord 4 


+ 
+ 


+ 
-t 


+ + 


+ 
+ 


+ 

+ + 


+ 

+ 


+ + 


+ 
+ 


+ 
+ 


+ 


+ 
+ 


+ 




+ 


P87-99 (96 p -A) 
Brain 1 
Brain 2 








+ 
+ 






+ 
















Control peptides 
Brain 3 
Brain 4 


+ 
+ 


+ 






+ + 


+ 










+ 




+ 
+ 
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TNF-a 




0-Actin 




















p87-99 (96P-.A) 
Spinal cord 1 
Spinal cord 2 






+ 




+ 
+ 




















Control peptides 
Spinal cord 3 
Spinal cord 4 






+ 
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+ 
+ 




















p87-9» (96P— »A) 
Brain 1 
Brain 2 










+ 
+ 




















Control peptides 
Brain 3 
Brain 4 






+ 




> 
+ 





















The encephalitogenic T-cell clone L10C1 was activated in wtro wrtn MBP p87-99 and anogen- presenting cells and adoptively transferred into mice. All mice developed 
paralysis on day 7 after transfer, witfi an EAE score of at least 2. On day 7 and/or 8 and 9. mice were treated intraperitoneal^ wrtfi 0.5 mg of soluble peptide analogues p87- 
99 (96 P— A) or soluble control peptides (p87-99(92N—A) or p87- 99(931— A)) as indicated. 48 n after treatment, mice were Killed by CO, inhalation and. then perfused wttfi 
30 ml PBS and trteir brains and spinal cords dissected. Reverse -transcribed mRNA isolated from CNS tissue was analysed by PCR using either TCR V/f primers specific for 19 
different mouse TCR V0 regions and a single common Cfi pnmer, or /f-actin primers and mouse TNF-a -specific primers. Perfusion of animals, preparation and storage of CNS tissue, 
RNA and cONA preparation from tissue samples, PCR amplification of cDNA using /f-actin pnmers and TCR Vfi pnmers specrfic for 19 different mouse TCR V0 regions have all been 
described 10 . Primers were synthesized by Operon Technologies (AJameda. CA). TCR products amplified by PCR were confirmed by Southern btorting using a C0- specific probe. PCR 
amplification of CNS tissue denved RNA/cDNA using mouse TNF-a -specific pnmers (TNF-a sense pnmer 5'-GGC AGG TCT ACT TTG GAG TCATTG C-3'; TNF-a antisense primer 5' 
ACA TTC GAG GCT CCA GTG AAT TCG G-3) has been described 31 . 



2.0 




Time post-transfer (days) 



FIG. 2 Reversal of adoptively transferred EAE with MBP analogue p87- 
99(96P — A) is dependent on IL-4 in vivo. Nine to ten animals per group 
were injected with 10 x 10 6 T cells of T-cell clone L10C1. On day 8 and 9 
after transfer, mice were treated with 0.5 ml PBS (squares) or 0.5 mg 
soluble p87-99(96P — A) (triangles and circles) in 0.5 ml PBS. Two hours 
later. PBS (black tnangles), Img HPLC-punfied mABs 11B11 (rat anti- 
mouse -IL 4, IgGl, circles) or GL113 <rat-ami-rnouse-/f-galactospdase. 
IgGl; open triangles) were injected i.p. as indicated in (i. time of i.p. 
injection of peptides and antibodies). Mice were scored daily as descnbed in 
Hg. 1 legend. Data are given as mean disease scores i.s.e. 



deleted all T-cell clones responsible for inciting disease. We 
searched for other mechanisms underlying tolerance. 

We asked whether antigen-specific immunotherapy with APL 
therapy is confined to the specific T cells that recognize APL If so, 
the therapeutic potential of this approach would be limited in the 
case of diverse antigen reactivity 13 . Figure 1 shows that EAE 
mediated by MBPpAcl-1 1 -specific T cells can be ameliorated by 
targeting p87-99-specific T cells with p87-99 (96P -» A). This 
protection only occurs if L10C1 T cells, reactive to p87-99, are 
present in the lesions after co-transfer (Fig. lfc), indicating that 
APL can directly influence T cells with other specificities in an 
established lesion. The trans-acting effect depends on the intra- 
lesional presence of a T-cell clone that recognizes the API- 
Reversal of EAE with p87-99 (96P -» A) depends on the 
availability of the cytokine interleukin-(IL)-4. Neutralizing mono- 
clonal antibodies directed against IL-4 block the therapeutic 
effect of APL (Fig. 2). In parallel studies, EAE induced with 
proteolipid protein can be reversed at the onset of paralysis with 
the proteolipid protein PLP pl39— 151 given intraperitoneal ly. 
Tliis effect is abrogated when anti-IL-4 is given together with 
pl39-151 (data not shown). 

L10C1 produced both IL-4 and TNF-a. T cells (10 6 per mi 
medium) from L10C1 were cultured for 36 hours, together with 
10 x 10 6 irradiated syngeneic splenocytes and 10 uM MBP p87- 
99 or p87-99 (P — A): 18. 680 ± 57 pgrnT 1 or 880 ± 57pgml*\ 
respectively, of TNF-a and 77.5 ± 3.5 pgmJ~' or 13.5± 
Z.lpgml"', respectively, s of IL-4 were detected. Thus the APL 
p87-99 (96P — A) shifts the ratio between TNF-a and IL^ by 
-4-fold. IL-4 is a potent inhibitor of TNF-a (rcf. 14). 

Inflammation is a dynamic process, and T-cell tolerance with 
APL leads to the regression and dissolution of an inflammatory 
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infiltrate. This phenomenon is mediated by the downreguUnon of 
Ihc production of TNF-a and by the action of IL-4. TNF-a is a 
mediator of cell recruitment in inflammatory infiltrates - and is a 
critical cytokine in the pathogenesis of EAE, and probably of 
multiple sclerosis' 6 ; IL^t is associated with recovery from disease, 
and is seen in multiple sclerotic lesions 1718 . By selectively targeting 
the initial trigger for inflammation, the secondary infiltrate can be 
controlled. This may be relevant for highly selective immune 
therapy of autoimmune disease in the face of determinant spread- 
ing 13 and nonspecific amplification of the inflammatory 
response. D 
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Despite its widespread distribution on both lymphoid and 
myeloid cells, the biological role of the low-affinity immuno- 
globulin-G receptor, FcyRII, is not fully understood. Defects in 
this receptor or its signalling pathway in B cells result in 
perturbations in immune-complex-mediated feedback inhibition 
of antibody production 1 * 4 . We now report that FcyRII-deficient 
animals display elevated immunoglobulin levels in response to 
both thymus-dependenl and tbymus-independent antigens. 
Additionally, the effector arm of the allergic response is per- 
turbed in these mice. Mast cells from FcyRII' " are highly 
sensitive to IgG-triggered degranulation. in contrast to their 
wild-type counterparts. FcyRII-deficient mice demonstrate an 
enhanced passive cutaneous anaphylaxis reaction, the result of 
a decreased threshold for mast-cell activation by FcyRIll cross- 
linking. These results demonstrate that FcyRII acts as a general 
negative regulator of immune-complex-lriggered activation in 
vivo for both the afferent and efferent limbs of the immune 
response. Exploiting this property offers new therapeutic oppor- 
tunities for the treatment of allergic and autoimmune disorders. 
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Immunoglobulin Fc receptors (FcRs) constitute a family of 
haematopoietic cell-surface molecules capable of eliciting intra- 
cellular signals and triggering numerous effector responses upon 
crosslinking by their ligand. the antibody-antigen complex 7 . 
Types I and III FcRs for lgG (FcyRl, FcyRIH) are expressed 
primarily on cells of the myeloid lineage and mediate effector 
functions, including phagocytosis, antibody-dependent cellular 
cytotoxicity and the release of inflammatory mediators, whereas 
type II receptors {FcyRII) axe expressed on both myeloid and 
lymphoid lineages. In vitro , FcyRII inhibits the activation signal 
generated by the B-cell antigen receptor'" 4 , mediated in pan 
through the recruitment and activation of protein tyrosine phos- 
phatases 56 . Similarly, reconstirution studies have suggested that 
FcyRII can inhibit activation through other, immune receptor 
tyrosine activation motif (ITAM)-containing receptors 8 . We 
therefore investigated the m vivo consequences of disrupting 
this inhibitory pathway. 

Mice homozygous for FcyRII"'" were generated (Fig. la, 6), 
which developed normally and were fertile. The absence of 
""messenger" RN A' (not shown) and protein (Fig.-lc) for- FcyRII B - 
was demonstrated by northern and western blotting, respectively; 
the absence of membrane bound FcyRIIB was demonstrated by flow 
cytometry of splenic B cells (Fig. \d). 

Expression of FcyRIIB on effector cells has been shown to 
depend on their state of activation" in . Resident peritoneal macro- 
phages (Fig. le) and bone-marrow-derived mast cells (Fig. 1/) 
reveal a >90% reduction in surface staining with the monoclonal 
antibody 2.4 G 2 in FcyRII" " mice (Fig. 1 <?,/), whereas 
thioglycollate-elicited macrophages retain 80% of their 2.4G2 
staining (data not shown). 

Development of myeloid and lymphoid cell lineages were not 
affected by the loss of FcyRII. as revealed by flow cytometric 
analysis of cells derived from the spleen, bone marrow, thymus 
and peritoneal cavity using a panel of lineage-specific markers 
(data not shown). 

Crosslinking of surface IgM on resting B cells in vitro induces a 
proliferative response only when anti-u F(ab') : is used as the 
stimulating antibody; intact antibody fails to stimulate B cell 
receptor-mediated cellular activation 1 . In contrast, B cells derived 
from FcyRII"'" proliferate in response to both intact anti-u and 
F(ab'), (Fig. 2a). The significance of this pathway in vivo was 
determined by immunizing wild-type and FcyRII''" animals with 
sheep red blood cell (SRBC) or trinitrophenol keyhole limpet 
haemocyanin (TNP-KLH) as thymus-dependent antigens 
(Fig. 3a, b) or trinitrophenol lipopolysaccharide (THP-LPS) or 
TW-Ficoll as thymus-independent antigens (Fig. 3c, d). In all 
cases, FcyRII" 7 " showed significantly higher antibody titres than 
those of wild-type littcrmates (Fig. 3). This enhancement was 
evident after 14 days and persisted during the secondary response. 
Anti-SRBC IgM and IgG plaque-forming cell responses of 
splenocytes derived from deficient mice were significantly higher 
than those of wild-type mice at four days after the second 
immunization (data not shown). I sotype -specific enzyme-linked 
immunosorbent assays (ELISAs) indicated that the immuno- 
globulin isotypes that contribute to these differences were IgM, 
IgGl, 2a, 2b, 3 and IgA (data not shown). 

Recent in vitro reconstitution studies in mast cell lines has 
suggested that FcyRII could inhibit FcR-triggered activation*. 
Bone-marrow mast cells derived from FcyRII-deficient or wild- 
type mice were stimulated through FccRI or FcyRIII (Fig. 2b). 
Degranulation and serotonin release in response to IgE cross- 
linking were similar in wild-type and FcyRII-deficient mice. In 
contrast, wild-type mast cells show little degranulation or sero- 
tonin release above background upon crosslinking of FcyRII/IJI, 
whereas mast cells from FcyRII-deficient mice showed a substan- 
tial activation upon the same stimulation (Fig. 7b). Hence. FcyRII 
is sufficient substantially to repress mast-cell activation triggered 
by FcyRIII. but has no direct effect on FccRJ-mediated activation. 
Loss of FcyRII thus renders these cells sensitive to lgG-mediated 
triggering. IgGl -mediated passive cutaneous anaphylaxis (PCA) 
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